One-pot reductive amination of aromatic and aliphatic aldehydes with nitroarenes over an Au/Al 2 O 3 catalyst in a continuous flow reactor using molecular hydrogen as a reducing agent was performed. Various secondary aromatic amines were obtained in good to excellent yields.
Secondary amines are important intermediates in the synthesis of agrochemicals, pharmaceuticals and other chemical products. 1 Primary amines are usually employed as starting materials for the synthesis of secondary amines through reactions with alkyl halides, 1b,2a alcohols 2 and carbonyl compounds. 3 The growing interest in these products induces continuous efforts to develop more efficient and environmentally friendly methods for the synthesis of secondary amines with high selectivity. Recently, one-pot reductive amination of aldehydes directly with nitroarenes has been described, [4] [5] [6] [7] where several steps are carried out using the same reaction vessel and catalyst under hydrogenation conditions. This process does not require preliminary reduction of nitroarenes, avoiding intermediate separation and purification steps, and minimizes waste production due to the use of molecular hydrogen as a reducing agent. In general, reductive amination of aldehydes with nitroarenes proceeds through three consecutive reactions: hydrogenation of nitroarene into primary aromatic amine, condensation of amine with aldehyde to imine and hydrogenation of imine to corresponding secondary amine. 4a,f,5-7 Syntheses of secondary amines through reductive amination of carbonyl compounds with nitroarenes have been examined over Pd-Ag bimetallic nanoparticles, 4a Pt nanowires, 4b MOF-supported Pt, Pd and Ir nanoparticles, 5 gold catalysts 6 and Pd nanoparticles supported on different materials, such as carbon, 4c,d polymers, 4e gum, 4f,g SiO 2 , 4h and Fe 3 O 4 . 4i,j Recently, reductive amination of aldehydes with nitroarenes over carbon-supported iron and cobalt oxide catalysts has been described, but the proceeding of the reactions at high temperature and hydrogen pressure for 24 hours provided a secondary amine yield not higher than 80%. 7 Different carbonyl compounds and nitrobenzene derivatives containing alkyl, hydroxy, alkoxy, halogen, carbonyl and carboxylate groups have been examined in the above mentioned examples 4-7 but the selective synthesis of secondary amines with the CC group has received little attention. 6b Supported gold nanocatalysts could provide the one-pot synthesis of more complicated secondary aromatic amines due to their ability to hydrogenate selectively the nitro-groups without hydrogenating the other functionalities. 8 Indeed, the Au/TiO 2 catalyst demonstrated high selectivity in the one-pot synthesis of N-Ĳ3-vinylbenzyl)-aniline from nitrobenzene and 3-vinylbenzaldehyde. 6b One-pot reductive amination of aldehydes with nitroarenes has been investigated in batch reactors under hydrogen atmosphere (H 2 pressure of 1 bar) 4 or under higher pressure. [5] [6] [7] In most cases, the reaction should be carried out for a long time or by using several stages with different conditions to achieve a high yield of secondary amine. 4b-e,5,7 The analysis of the catalyst's behavior in continuous flow mode is missing, in spite of the growing interest in the development and application of the flow-based approach for organic synthesis in academic and industrial areas. In general, continuous flow processes are more efficient than standard batch protocols and make organic synthesis safer and more environmentally friendly. 9 However, only a few reports devoted to the synthesis of secondary amines in flow mode have been found. 10 Benzylpiperazine derivatives have been prepared directly from the corresponding benzaldehyde and piperazine in continuous flow over Pd/C, Pt/C and PdĲOH) 2 /C catalysts. 10a Aliphatic and aromatic secondary amines have been synthesized selectively by one-pot reductive amination of nitriles with primary amines using a Pt/C catalyst in a continuous flow multichannel microreactor. 10b The Au/TiO 2 -catalyzed alkylation of amines with alcohols has been performed in a flow reactor at 180-200°C and a rather high pressure (100 bar of hydrogen), but the reactor should be used in recycle mode for several hours to achieve high conversion. 10c In the present study, we report the one-pot reductive amination of aldehydes with nitroarenes using hydrogen as the reducing agent in a packed bed one-through flow reactor over an Au/Al 2 O 3 catalyst. To the best of our knowledge, this is the first realization of such a type of reaction in continuous flow mode.
An Au/Al 2 O 3 catalyst containing 2.5 wt% Au with the mean Au particle diameter equal to 3.4 nm (ESI †) has been used for the reductive amination of aldehydes with nitroarenes in a flow reactor. ‡ The reaction has been examined using several different nitroarenes and aldehydes in toluene and the results of the experiments have been summarized in Table 1 . The reductive amination of aldehyde 2 with nitroarene 1 starts from the hydrogenation of nitroarene 1 to the corresponding aniline 3, which reacts with aldehyde 2 to form imine 4 and further hydrogenation of 4 gives secondary amine 5 (Scheme 1). Simultaneously, aldehydes 2 could produce the corresponding alcohols 6 in a side reaction. The catalytic activity of the Au/Al 2 O 3 catalyst was initially evaluated for the reaction of nitrobenzene and benzaldehyde using different ratios of the reactants and different solvents ( Table 1 , entries 1-4). It should be noted that the full conversion of nitrobenzene, as well as the other examined nitroarenes, was observed in all the experiments. The formation of any previously reported 8 by-products of nitrobenzene reduction to aniline such as nitrosobenzene, benzylhydroxylamine, azoxybenzene, azobenzene and hydrazobenzene was not detected. The prevailing products of the nitrobenzene conversion were secondary amine 5 and aniline 3, when the reaction was carried out 
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using equimolar ratio of nitrobenzene and benzaldehyde in toluene (Table 1 , entries 1 and 2). The utilization of methanol instead of toluene led to a drastic decrease in N-benzylaniline yield and an increase in aniline 3 and imine 4 formation (Table 1, entry 3) . Simultaneously, high conversion of benzaldehyde to benzyl alcohol was observed. This reaction is competitive with the imine formation which results in the decrease of secondary amine yield. The slight excess of aldehyde 2 at the ratio of 1 : 2 equal to 1 : 1.5 resulted in the increase of N-benzylaniline yield from 57 to 84%. A favorable effect of the aldehyde excess on the secondary amine yield was also confirmed by the enhancement of N-benzyl-4-methylaniline yield from 68 to 91% after the decrease of 1 : 2 ratios from 1 : 1 to 1 : 1.5 (Table 1 , entries 5 and 6). Therefore, all of the following experiments were performed using the ratios of nitroarenes and aldehydes equal to 1 : 1.5. Under these optimized reaction conditions, the scope of the reaction was explored with structurally different aldehydes.
Comparison of the reactions of nitrobenzene and 4-nitrotoluene with benzaldehyde (Table 1 , entries 4 and 6) allowed one to see that the yield of secondary aromatic amine was higher when 4-nitrotoluene was used as the starting reagent. The same feature was observed in the reaction of nitrobenzene and 4-nitrotoluene with n-heptaldehyde (Table 1 , entries 8 and 11) and 4-chlorobenzaldehyde (Table 1 , entries 13 and 15), pointing out the probable beneficial effect of the methyl group on the reactivity of nitroarene. The yields of the target amines decreased when substituted benzaldehydes were used in the reaction with 4-nitrotoluene (Table 1, entries 6, 14, 16 and 18) , probably due to the higher rate of their hydrogenation to alcohols.
Aliphatic n-heptaldehyde gave higher yields of secondary amine in reductive amination with nitrobenzene (Table 1 , entries 7-9) or 4-nitrotoluene (Table 1, entries 10-12) in comparison with the examples where benzaldehyde and its derivatives were used (Table 1, entries 4, 6 and 13-18) . So, the reaction of n-heptaldehyde with nitrobenzene and 4-nitrotoluene occurred with 94% and more than 99% yields of the corresponding secondary amines (Table 1, entries 8 and 11 ). Excellent yields of N-heptylanilines can be explained by the fast reaction of n-heptaldehyde with anilines 3. 4d In these cases, almost all aniline molecules 3 are converted to imines 4 which are further reduced to target secondary amines 5. It was found that variation of the reaction temperature in the range of 70-90°C had little effect on the yield of secondary amines (Table 1) .
Due to the high chemoselectivity of the Au/Al 2 O 3 catalyst in the hydrogenation of nitro aromatic compounds, 8b we managed to realize the synthesis of secondary aromatic amine containing a C-C double bond by one-pot one-step reductive amination of aldehyde with nitroarene. N-Heptyl-3vinylaniline 5a was synthesized in 74% yield by reductive amination of n-heptaldehyde with 3-nitrostyrene under hydrogenation conditions over the Au/Al 2 O 3 catalyst at 60°C (Table 2 ). In addition to 5a, 3-vinylaniline 3a, 3-ethylaniline 7, imines 4a, 8 and N-heptyl-3-ethylaniline 9 were found in the reaction mixtures at the reactor outlet. Decreasing the reaction temperature led to a decrease in the formation of the C-C double bond reduction products, but at the same time, significant amounts of 3-vinylaniline 3a and imine 4a were formed at lower temperatures. The temperature increase promoted the reduction of the double bond and decreased the yield of the targeted product. Thus, the Au/Al 2 O 3 catalyst in our conditions gave a maximal yield of the targeted product, N-heptyl-3-vinylaniline, at 60°C. A similar reaction between nitrobenzene and 3-vinylbenzaldehyde was realized previously in one vessel but using two stage procedures: the hydrogenation of the nitroaromatic compound was performed at 120°C under H 2 pressure until 95-98% conversion level, and then the reactor was depressurized and left at the same temperature until completion of the cascade process. 6b
The time-dependent investigation of the Au/Al 2 O 3 catalyst in one-pot reductive amination of aldehydes with nitroarenes showed slight decrease in secondary amine yields with timeon-stream ( Fig. 1 and ESI †) . A reduction in the yields of N-heptylaniline and N-benzylaniline at 80°C from 95% to 90% and from 84% to 82% occurred after 135 minutes onstream in the reaction of nitrobenzene with n-heptaldehyde and benzaldehyde, respectively (reaction conditions: 0.025 mol L −1 nitrobenzene, 0.0375 mol L −1 aldehyde, 50 bar H 2 ). It was shown that the activity of the spent Au/Al 2 O 3 catalyst can be recovered after the treatment in methanol flow without significant loss of secondary amine yields. After the reaction of nitrobenzene and n-heptaldehyde at 135 min, the cartridge CatCart®30 was washed with methanol flow (1 mL min −1 ) for 30 min and introduced in the next reaction cycle.
After the first and second runs, a slight decay in the yield of N-heptylaniline was observed (Fig. 1) . Importantly, the leaching of Au from the Au/Al 2 O 3 catalyst and the increase in gold particle size were not detected after three cycles of the reaction and regeneration, while the formation of some amounts of carbon deposition was observed by differential thermal analysis (ESI †). Thus, the decrease in secondary amine yields with time-on-stream can be explained by the formation and accumulation of carbon deposition on the surface of the Au/Al 2 O 3 catalyst. The development of more efficient regeneration procedures will be one of the aims of further investigation.
Conclusions
In conclusion, various substituted secondary aromatic amines were synthesized by Au/Al 2 O 3 -catalyzed one-pot reductive amination of aromatic and aliphatic aldehydes with nitroarenes in a continuous flow reactor using molecular hydrogen as a reducing agent in good to excellent yields.
